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SEMCONDUCTOR DEVICE HAVINGA 
NECKED SEMCONDUCTOR BODY AND 

METHOD OF FORMING SEMCONDUCTOR 
BODIES OF VARYINGWDTH 

CLAIM OF PRIORITY 

This application is a U.S. National Phase application under 
35 U.S.C. S371 of International Application No. PCT/ 
US2011/066991, filed Dec. 22, 2011, entitled “SEMICON 
DUCTORDEVICE HAVING ANECKED SEMICONDUC 
TOR BODY AND METHOD OF FORMING 
SEMICONDUCTOR BODIES OF VARYING WIDTH, the 
entire contents of which are incorporated herein by reference. 

TECHNICAL FIELD 

Embodiments of the invention are in the field of semicon 
ductor devices and processing and, in particular, semiconduc 
tor devices having necked semiconductor bodies and methods 
of forming semiconductor bodies of varying width. 

BACKGROUND 

For the past several decades, the Scaling of features in 
integrated circuits has been a driving force behind an ever 
growing semiconductor industry. Scaling to Smaller and 
smaller features enables increased densities of functional 
units on the limited real estate of semiconductor chips. For 
example, shrinking transistor size allows for the incorpora 
tion of an increased number of memory or logic devices on a 
chip, lending to the fabrication of products with increased 
capacity. The drive for ever-more capacity, however, is not 
without issue. The necessity to optimize the performance of 
each device becomes increasingly significant. 

In the manufacture of integrated circuit devices, multi-gate 
transistors, such as fin-FET and tri-gate transistors, have 
become more prevalent as device dimensions continue to 
scale down. In conventional processes, fin-FET and tri-gate 
transistors are generally fabricated on either bulk silicon sub 
strates or silicon-on-insulator Substrates. In some instances, 
bulk silicon substrates are preferred due to their lower cost 
and because they may enable a less complicated fin-FET and 
tri-gate fabrication process. In other instances, silicon-on 
insulator substrates are preferred because of the improved 
short-channel behavior offin-FET and tri-gate transistors. 

Scaling multi-gate transistors has not been without conse 
quence, however. As the dimensions of these fundamental 
building blocks of microelectronic circuitry are reduced and 
as the sheer number of fundamental building blocks fabri 
cated in a given region is increased, the constraints on the 
external resistance (R) during performance of such devices 
have become overwhelming. Many different techniques have 
been attempted to improve R of transistors including 
improved contact metals, increased activation of dopant and 
lowered barriers between the semiconductor and contact 
metal. However, significant improvements are still needed in 
the area of R, reduction. 

SUMMARY 

Embodiments of the present invention include semicon 
ductor devices having necked semiconductor bodies and 
methods of forming semiconductor bodies of varying width. 

In an embodiment, a semiconductor device includes a 
semiconductor body disposed above a Substrate. A gate elec 
trode stack is disposed over a portion of the semiconductor 
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body to define a channel region in the semiconductor body 
under the gate electrode Stack. Source and drain regions are 
defined in the semiconductor body on either side of the gate 
electrode stack. Sidewall spacers are disposed adjacent to the 
gate electrode stack and over only a portion of the Source and 
drain regions. The portion of the source and drain regions 
under the sidewall spacers has a height and a width greater 
than a height and a width of the channel region of the semi 
conductor body. 

In another embodiment, a method of fabricating a semi 
conductor device includes forming a semiconductor body 
above a Substrate. A gate electrode stack is formed over a 
portion of the semiconductor body to define a channel region 
in the semiconductor body under the gate electrode stack and 
Source and drain regions in the semiconductor body on either 
side of the gate electrode stack. Sidewall spacers are formed 
adjacent to the gate electrode stack and over only a portion of 
the Source and drain regions. The portion of the source and 
drain regions under the sidewall spacers has a height and a 
width greater than a height and a width of the channel region 
of the semiconductor body. 

In another embodiment, a method of fabricating a semi 
conductor device includes forming a hardmask pattern above 
a substrate. The hardmask pattern includes a first region offin 
forming features, each of a first width. The hardmask pattern 
also includes a second region offin forming features, each of 
a second width approximately equal to the first width. Sub 
sequently, a resist layer is formed and patterned to cover the 
second region and expose the first region. Subsequently, the 
fin forming features of the first region are etched to form 
thinned fin forming features, each of a third width less than 
the second width. Subsequently, the resist layer is removed. 
Subsequently, the hardmask pattern is transferred to the sub 
strate to form a first region offins, each of the third width, and 
to form a second region of fins, each of the second width. 
Subsequently, semiconductor devices are formed from the 
fins of the first and second regions. 

In another embodiment, a method of fabricating a semi 
conductor device includes forming a hardmask pattern above 
a substrate. The hardmask pattern includes a first region offin 
forming features, each of a first width. The hardmask pattern 
also includes a second region offin forming features, each of 
a second width approximately equal to the first width. Sub 
sequently, the hardmask pattern is transferred to the Substrate 
to form a first region of fins, each of the first width, and to 
form a second region offins, each of the second width. Sub 
sequently, a resist layer is formed and patterned to cover the 
second region of fins and to expose the first region of fins. 
Subsequently, the fins of the first region are etched to form 
thinned fins, each of a third width less than the second width. 
Subsequently, the resist layer is removed. Subsequently, 
semiconductor devices are formed from the fins of the first 
and second regions. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1A illustrates a plan view of a semiconductor device 
having a necked semiconductor body, in accordance with an 
embodiment of the present invention. 

FIG. 1B illustrates a cross-sectional view of the semicon 
ductor device of FIG. 1A, as taken along the a-a' axis, in 
accordance with an embodiment of the present invention. 

FIG. 1C illustrates a cross-sectional view of the semicon 
ductor device of FIG. 1A, as taken along the b-b' axis, in 
accordance with an embodiment of the present invention. 
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FIG. 2A illustrates a plan view of a semiconductor device 
having a necked semiconductor body, in accordance with an 
embodiment of the present invention. 

FIG. 2B illustrates a plan view of another semiconductor 
device having a necked semiconductor body, in accordance 
with another embodiment of the present invention. 

FIG. 2C illustrates a plan view of another semiconductor 
device having a necked semiconductor body, in accordance 
with another embodiment of the present invention. 

FIG. 3 illustrates a process flow in a method of fabricating 
a semiconductor device having a necked semiconductor 
body, inaccordance with an embodiment of the present inven 
tion. 

FIG. 4 illustrates a process flow in a method of fabricating 
a semiconductor device having a necked semiconductor 
body, inaccordance with an embodiment of the present inven 
tion. 

FIG. 5A includes a plot of drive current gain (as % Idsat 
gain) as a function of silicon channel thickness (in microns) of 
a semiconductor device having a necked semiconductor body 
Versus a semiconductor device without a necked semiconduc 
tor body, in accordance with an embodiment of the present 
invention. 

FIG. 5B includes a plot of drive current gain (as % Idlin 
gain) as a function of silicon channel thickness (in microns) of 
a semiconductor device having a necked semiconductor body 
Versus a semiconductor device without a necked semiconduc 
tor body, in accordance with an embodiment of the present 
invention. 

FIG. 6 illustrates a process flow in a method of fabricating 
semiconductor devices having with semiconductor bodies of 
varying width, in accordance with an embodiment of the 
present invention. 

FIG. 7 illustrates a process flow in a method of fabricating 
semiconductor devices having with semiconductor bodies of 
varying width, in accordance with an embodiment of the 
present invention. 

FIG. 8 illustrates a computing device in accordance with 
one implementation of the invention. 

DETAILED DESCRIPTION 

Semiconductor devices having necked semiconductor 
bodies and methods of forming semiconductor bodies of 
varying width are described. In the following description, 
numerous specific details are set forth, Such as specific inte 
gration and material regimes, in order to provide a thorough 
understanding of embodiments of the present invention. It 
will be apparent to one skilled in the art that embodiments of 
the present invention may be practiced without these specific 
details. In other instances, well-known features, such as inte 
grated circuit design layouts, are not described in detail in 
order to not unnecessarily obscure embodiments of the 
present invention. Furthermore, it is to be understood that the 
various embodiments shown in the Figures are illustrative 
representations and are not necessarily drawn to scale. 
One or more embodiments of the present invention are 

targeted at Semiconductor devices having (1) a different fin 
width in an active channel region versus fin width underneath 
a spacer, (2) an integrated circuit with at least two different fin 
widths in different active channels on the same die, (3) a 
patterning process to define two different fin widths prior to 
actual fin etch, (4) a patterning process to define two different 
fin widths after a sacrificial dummy gate removal process, or 
combinations thereof. One or more embodiments are targeted 
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4 
at improving the drive current of devices such as transistors 
and to build circuits that have low idle power and high active 
performance. 
The width of a fin in a FinFET impacts the threshold 

voltage (Vt) and the external resistance of the device. For high 
performance devices it may be beneficial to have a relatively 
wider fin with higher Vt and lower resistance. For low-power 
devices, the opposite is true. Currently, the process has to be 
optimized for one of these devices. It may be beneficial to 
have the best performance for both devices to optimize prod 
uct power performance. For example, low-power devices are 
generated with additional well doping leading to higher Vt 
and higher junction leakage which degrade drive currents, 
especially at low power Supply Voltage. Alternatively the 
process is optimized for low-power devices leading to 
degraded drive current of the high-performance devices. 
Embodiments of the present invention may enable the simul 
taneous optimization of high performance and low power 
devices by either offering two different devices on the same 
die or by a device that has both low Vt and low external 
resistance. 

In a first aspect, a semiconductor device having a necked 
semiconductor body and methods of forming a semiconduc 
tor device having a necked semiconductor body are provided. 
Such a transistor structure has a different fin width in the 
channel and in the fin region underneath the spacer. A necked 
fin may improve the tradeoff between short channel effect 
improvement and external resistance as the fin CD is scaled, 
improving the drive current of the best device. 

In an example, FIG. 1A illustrates a plan view of a semi 
conductor device having a necked semiconductor body, in 
accordance with an embodiment of the present invention. 
FIG.1B illustrates a cross-sectional view of the semiconduc 
tor device of FIG. 1A, as taken along the a-a' axis, in accor 
dance with an embodiment of the present invention. FIG. 1C 
illustrates a cross-sectional view of the semiconductor device 
of FIG. 1A, as taken along the b-b' axis, in accordance with an 
embodiment of the present invention. 

Referring to FIGS. 1A-1C, a semiconductor device 100 
includes a semiconductor body 104 disposed above a sub 
strate 102. A gate electrode stack 106 is disposed over a 
portion of the semiconductor body 104 to define a channel 
region 108 in the semiconductor body 104 under the gate 
electrode stack 106. Source and drain regions 110 are defined 
in the semiconductor body 104 on either side of the gate 
electrode stack 106. Sidewall spacers 112 are disposed adja 
cent to the gate electrode stack 106 and over only a portion of 
the source and drain regions 110. 

Referring to FIGS. 1 Band 1C, the portion of the source and 
drain regions 110 under the sidewall spacers 112 has a height 
(H2) and a width (W2) greater than a height (H1) and a width 
(W1) of the channel region 108 of the semiconductor body 
104. The heights H1 and H2 are defined as the height of the 
respective portion of the semiconductor body 104 that is 
above an isolation layer 114, as depicted in FIGS. 1B and 1C. 

Referring to FIG. 1A, in an embodiment, a portion of the 
Source and drain regions 110 not under the sidewall spacers 
112 has a height and a width (W3) greater than the height (H2) 
and the width (W2) of the portion of the source and drain 
regions 110 under the sidewall spacers 112, e.g., W3>W2. 
Alternatively, in another embodiment, a portion of the Source 
and drain regions 110 not under the sidewall spacers 112 has 
a height and a width (W3) approximately the same as the 
height (H2) and the width (W2) of the portion of the source 
and drain regions 110 under the sidewall spacers 112, e.g., 
W3=W2. 
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In an embodiment, at least a portion of the Source and drain 
regions 110 is an embedded portion of the source and drain 
regions 110. That is, in forming the Source and drain regions 
110, a portion of an original semiconductor body 104 is 
removed and replaced, e.g., by epitaxial growth, with new 
portions of the semiconductor body 104. For example, in one 
such embodiment, the embedded portion of the source and 
drain regions 110 is composed of a semiconductor material 
different than that of the channel region 108. In one embodi 
ment, the embedded portion does not include the portion of 
the source and drain regions 110 under the sidewall spacers 
112. In another embodiment, the embedded portion includes 
at least part of, and possibly all of the portion of the source 
and drain regions 110 under the sidewall spacers 112. 

In an embodiment, referring to FIGS. 1B and 1C, the 
substrate 102 is a crystalline substrate, and the semiconductor 
body 104 (e.g., channel region 108 in FIG. 1B and source and 
drain regions 110 in FIG. 1C) is continuous with the crystal 
line substrate 102. That is, the semiconductor body 104 is 
formed from a bulk substrate. In an alternative embodiment 
(not shown), a dielectric layer is disposed between the semi 
conductor body and the Substrate, and the semiconductor 
body is discontinuous with the Substrate, e.g., as would be the 
case for a silicon-on-insulator (SOI) substrate. 

In an embodiment, the channel region 108 has a height 
(H1) approximately in the range of 30-50 nanometers and a 
width (W1) approximately in the range of 10-30 nanometers. 
In that embodiment, the height (H1) of the channel region 108 
is approximately 1-2 nanometers less than the height (H2) of 
the portion of the source and drain regions 110 under the 
sidewall spacers 112. Also, the width (W1) of the channel 
region 108 is approximately 2-4 nanometers less than the 
width (W2) of the portion of the source and drain regions 110 
under the sidewall spacers 112. In an embodiment, the height 
(H2) of the portion of the source and drain regions 110 under 
the sidewall spacers 112 is approximately 1-7% greater than 
the height (H1) of the channel region 108. In that embodi 
ment, the width (W2) of the portion of the source and drain 
regions 110 under the sidewall spacers 112 is approximately 
6-40% greater than the width (W1) of the channel region 108. 

Possible embodiments for the semiconductor device 100 in 
FIGS. 1A-1C are described below. In a first example, FIG. 2A 
illustrates a plan view of a semiconductor device having a 
necked semiconductor body, in accordance with an embodi 
ment of the present invention. Referring to FIG. 2A, the 
channel region 108 is coupled to the portion of the source and 
drain regions 110 under the sidewall spacers 112 by a step 
feature 120. The gate electrode stack 106 is depicted as 
dashed lines to provide transparency for the underlying chan 
nel region 108. Also, the option to have a larger size of the 
portions of the source and drain regions 110 not under the 
spacers 112 is depicted by long dashes around the source and 
drain regions 110. 

In a second example, FIG. 2B illustrates a plan view of 
another semiconductor device having a necked semiconduc 
tor body, in accordance with another embodiment of the 
present invention. Referring to FIG. 2B, the channel region 
108 is coupled to the portion of the source and drain regions 
110 under the sidewall spacers 112 by a facet feature 130. The 
gate electrode stack 106 is depicted as dashed lines to provide 
transparency for the underlying channel region 108. Also, the 
option to have a larger size of the portions of the source and 
drain regions 110 not under the spacers 112 is depicted by 
long dashes around the source and drain regions 110. 

In a third example, FIG. 2C illustrates a plan view of 
another semiconductor device having a necked semiconduc 
tor body, in accordance with another embodiment of the 
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6 
present invention. Referring to FIG. 2C, the channel region 
108 is coupled to the portion of the source and drain regions 
110 under the sidewall spacers 112 by a rounded corner 
feature 140. The gate electrode stack 106 is depicted as 
dashed lines to provide transparency for the underlying chan 
nel region 108. Also, the option to have a larger size of the 
portions of the source and drain regions 110 not under the 
spacers 112 is depicted by long dashes around the Source and 
drain regions 110. 

Thus, referring again to FIGS. 2B and 2C, in an embodi 
ment, the channel region 104 is coupled to the portion of the 
source and drain regions 110 under the sidewall spacers 112 
by a graded feature (e.g., 120 or 140). In an embodiment, the 
graded feature reduces overlap capacitance and spreading 
resistance during operating of the semiconductor device 110. 

In an embodiment, as described in greater detail below in 
association with process flows 600 and 700, the semiconduc 
tor device 100 is disposed above the same substrate 102 as a 
second semiconductor device having a channel region. In that 
embodiment, the narrowest width of the channel region of the 
second semiconductor device is greater than the narrowest 
width (e.g., W1) of the channel region 108 of the semicon 
ductor device 100. 

Semiconductor device 100 may be any semiconductor 
device incorporating a gate, a channel region and a pair of 
Source/drain regions. In an embodiment, semiconductor 
device 100 is one such as, but not limited to, a MOS-FET or 
a Microelectromechanical System (MEMS). In one embodi 
ment, semiconductor device 100 is a three-dimensional 
MOS-FET and is an isolated device or is one device in a 
plurality of nested devices. As will be appreciated for a typical 
integrated circuit, both N- and P-channel transistors may be 
fabricated on a single substrate to form a CMOS integrated 
circuit. 

Substrate 102 and, hence, semiconductor body 104 may be 
composed of a semiconductor material that can withstand a 
manufacturing process and in which charge can migrate. In an 
embodiment, the substrate 102 is a bulk substrate, and the 
semiconductor body 104 is continuous with the bulk substrate 
102. In an embodiment, substrate 102 is composed of a crys 
talline silicon, silicon/germanium or germanium layer doped 
with a charge carrier, such as but not limited to phosphorus, 
arsenic, boron or a combination thereof. In one embodiment, 
the concentration of silicon atoms in Substrate 102 is greater 
than 97% or, alternatively, the concentration of dopant atoms 
is less than 1%. In another embodiment, substrate 102 is 
composed of an epitaxial layer grown atop a distinct crystal 
line Substrate, e.g. a silicon epitaxial layer grown atop a 
boron-doped bulk silicon mono-crystalline substrate. Sub 
strate 102 may also include an insulating layer disposed in 
between a bulk crystal substrate and an epitaxial layer to 
form, for example, a silicon-on-insulator Substrate. In Such an 
example, the semiconductor body 104 may be an isolated 
semiconductor body. In an embodiment, the insulating layer 
is composed of a material Such as, but not limited to, silicon 
dioxide, silicon nitride, silicon oxy-nitride or a high-k dielec 
tric layer. Substrate 102 may alternatively be composed of a 
group III-V material. In an embodiment, substrate 102 is 
composed of a III-V material such as, but not limited to, 
gallium nitride, gallium phosphide, gallium arsenide, indium 
phosphide, indium antimonide, indium gallium arsenide, alu 
minum gallium arsenide, indium gallium phosphide, or a 
combination thereof. Semiconductor body 104 may be com 
posed of multiple semiconductor materials, each of which 
may include additional doping atoms. In one embodiment, 
substrate 102 is composed of crystalline silicon and the 
charge-carrier dopant impurity atoms are one such as, but not 
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limited to, boron, arsenic, indium or phosphorus. In another 
embodiment, substrate 102 is composed of a III-V material 
and the charge-carrier dopant impurity atoms are ones Such 
as, but not limited to, carbon, silicon, germanium, oxygen, 
sulfur, selenium or tellurium. In another embodiment, the 
semiconductor body 104 is undoped or only lightly doped. 
Additionally, halo doping, often used in conventional device 
fabrication, may in one embodiment be eliminated in the 
fabrication of semiconductor device 100. It is to be under 
stood that, in an embodiment, the material of the semicon 
ductor body 104 is different from the material of the substrate 
102. 

In another embodiment, the semiconductor device 100 is a 
non-planar device such as, but not limited to, a fin-FET or a 
tri-gate device. In such an embodiment, the semiconductor 
body 104 is composed of or is formed from a three-dimen 
sional body. In one such embodiment, the gate electrode stack 
106 surrounds at least a top surface and a pair of sidewalls of 
the three-dimensional body. In another embodiment, the 
semiconductor body 104 is made to be a discrete three-di 
mensional body, such as in a nanowire device. In one Such 
embodiment, the gate electrode stack 106 completely sur 
rounds a portion of the semiconductor body 104. 

Gate electrode stack 106 may include a gate electrode and 
an underlying gate dielectric layer. In an embodiment, the 
gate electrode of gate electrode stack 106 is composed of a 
metal gate and the gate dielectric layer is composed of a 
high-K material. For example, in one embodiment, the gate 
dielectric layer is composed of a material Such as, but not 
limited to, hafnium oxide, hafnium oxy-nitride, hafnium sili 
cate, lanthanum oxide, Zirconium oxide, Zirconium silicate, 
tantalum oxide, barium strontium titanate, barium titanate, 
strontium titanate, yttrium oxide, aluminum oxide, lead scan 
dium tantalum oxide, lead Zinc niobate, or a combination 
thereof. Furthermore, a portion of gate dielectric layer may 
include a layer of native oxide formed from the top few layers 
of the semiconductor body 104. In an embodiment, the gate 
dielectric layer is composed of a top high-k portion and a 
lowerportion composed of an oxide of a semiconductor mate 
rial. In one embodiment, the gate dielectric layer is composed 
of a top portion of hafnium oxide and a bottom portion of 
silicon dioxide or silicon oxy-nitride. 

In one embodiment, the gate electrode is composed of a 
metal layer Such as, but not limited to, metal nitrides, metal 
carbides, metal silicides, metal aluminides, hafnium, Zirco 
nium, titanium, tantalum, aluminum, ruthenium, palladium, 
platinum, cobalt, nickel or conductive metal oxides. In a 
specific embodiment, the gate electrode is composed of a 
non-workfunction-setting fill material formed above a metal 
workfunction-setting layer. In an embodiment, the gate elec 
trode is composed of a P-type material. In another embodi 
ment, the gate electrode is composed of an N-type material. In 
another embodiment, the gate electrode is composed of a 
mid-gap material. In a specific Such embodiment, the corre 
sponding channel region is undoped or is only lightly doped. 

In an embodiment, the sidewall spacers 112 are composed 
of an insulative dielectric material Such as, but not limited to, 
silicon dioxide, silicon carbide, silicon oxy-nitride or silicon 
nitride. Likewise, the dielectric layer 114 may be composed 
of an insulative dielectric material Such as, but not limited to, 
silicon dioxide, silicon carbide, silicon oxy-nitride or silicon 
nitride. 
Methods of forming devices such as those described above 

are also contemplated within the spirit and scope of embodi 
ments of the present invention. In a first example, FIG. 3 
illustrates a process flow 300 in a method of fabricating a 
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8 
semiconductor device having a necked semiconductor body, 
in accordance with an embodiment of the present invention. 

Referring to part A of process flow 300, a thick fin 302 is 
formed, a sacrificial gate 304 is patterned, gate spacers 306 
are formed by blanket deposition and Subsequent etching, and 
source-drain regions 308 are formed. Additionally, an inter 
layer-dielectric film 310 may be deposited and polished to 
expose the sacrificial gate 304. Referring to part B of process 
flow 300, the sacrificial gate 304 is removed and the thick fin 
302 is etched to form a thinned fin 312 with a reduced thick 
ness, e.g., reduced by an amount approximately in the range 
of 1-5 nanometers. Referring to part C of process flow 300, a 
permanent gate stack 320 is formed over the thinned fin 312. 
For example, a high-k gate dielectric layer and a metal gate 
electrode may be formed. In an embodiment, the thinned fin 
312 provides improved short channel effects, while the wider 
portion of the source and drain regions 308 under the spacers 
306 aid in reducing external resistance. 
The sacrificial gate 304 is, in an embodiment, composed of 

a material Suitable for removal at the replacement gate opera 
tion. In one embodiment, sacrificial gate 304 is composed of 
polycrystalline silicon, amorphous silicon, silicon dioxide, 
silicon nitride, or a combination thereof. In another embodi 
ment, a protective capping layer (not shown). Such as a silicon 
dioxide or silicon nitride layer, is formed above sacrificial 
gate 304 is. In an embodiment, an underlying dummy gate 
dielectric layer (also not shown) is included. In an embodi 
ment, sacrificial gate 304 is includes the sidewall spacers 306, 
which may be composed of a material suitable to ultimately 
electrically isolate a permanent gate structure from adjacent 
conductive contacts. For example, in one embodiment, the 
spacers 306 are composed of a dielectric material such as, but 
not limited to, silicon dioxide, silicon oxy-nitride, silicon 
nitride, or carbon-doped silicon nitride. 

In an embodiment, sacrificial gate 304 is removed by a dry 
etch or wet etch process. In one embodiment, sacrificial gate 
304 is composed of polycrystalline silicon or amorphous 
silicon and is removed with a dry etch process using SF. In 
another embodiment, sacrificial gate 304 is composed of 
polycrystalline silicon or amorphous silicon and are removed 
with a wet etch process using aqueous NH-OH or tetramethy 
lammonium hydroxide. In one embodiment, sacrificial gate 
304 is composed of silicon nitride and are removed with a wet 
etch using aqueous phosphoric acid. 
The fin 302 may be thinned to form 312 by any suitable 

technique that removes a portion offin 302 without detrimen 
tally impacting other semiconductor features that are present, 
Such as by using a dry etch or a wet etch process. In one 
embodiment, fin 302 is thinned to form 312 by using a dry 
plasma etch using NF, HBr, SF/C1 or Cl. In another 
embodiment, wet etch process is used. 

In a second example, FIG. 4 illustrates a process flow 400 
in a method of fabricating a semiconductor device having a 
necked semiconductor body, in accordance with an embodi 
ment of the present invention. Referring to part A of process 
flow 400, a thin fin 412 is formed, a sacrificial gate 404 is 
patterned, and thin Source-drain regions 408 are formed. 
Referring to part B of process flow 400, gate spacers 406 are 
formed by blanket deposition and Subsequent etching, and 
thick source and drain regions 418 are formed, e.g., by epi 
taxial growth. Additionally, an interlayer-dielectric film 410 
may be deposited and polished to expose the sacrificial gate 
404. The sacrificial gate 404 is then removed, as depicted in 
part B. Referring to part C of process flow 400, a permanent 
gate stack 420 is formed over the thin fin 412. For example, a 
high-kgate dielectric layer and a metal gate electrode may be 
formed. In an embodiment, the thin fin 412 provides 
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improved short channel effects, while the wider portion of the 
source and drain regions 408/418 under the spacers 406 aid in 
reducing external resistance. Sacrificial gate formation and 
replacement may be performed as described above in asso 
ciation with process flow 300. 

Thus, in an embodiment, a method of fabricating a semi 
conductor device includes forming a semiconductor body 
above a Substrate. A gate electrode stack is formed over a 
portion of the semiconductor body to define a channel region 
in the semiconductor body under the gate electrode stack and 
Source and drain regions in the semiconductor body on either 
side of the gate electrode stack. Sidewall spacers are formed 
adjacent to the gate electrode stack and over only a portion of 
the Source and drain regions. The portion of the source and 
drain regions under the sidewall spacers has a height and a 
width greater than a height and a width of the channel region 
of the semiconductor body. 

In one Such embodiment, forming the gate electrode stack 
includes forming a sacrificial gate electrode stack, removing 
the sacrificial gate electrode stack, and forming a permanent 
gate electrode stack. In that embodiment, forming the channel 
region includes thinning a portion of the semiconductor body 
exposed Subsequent to removing the sacrificial gate electrode 
stack and prior to forming the permanent gate electrode stack, 
e.g., as described in association with process flow 300. In 
another Such embodiment, forming the gate electrode stack 
includes forming a sacrificial gate electrode stack, removing 
the sacrificial gate electrode stack, and forming a permanent 
gate electrode stack. In that embodiment, forming the Source 
and drain regions includes expanding a portion of the semi 
conductor body exposed prior to removing the sacrificial gate 
electrode stack, e.g., as described in association with process 
flow 400. 

FIG. 5A includes a plot 500A of drive current gain (as % 
Idsat gain) as a function of silicon channel thickness (in 
microns) of a semiconductor device having a necked semi 
conductor body versus a semiconductor device without a 
necked semiconductor body, in accordance with an embodi 
ment of the present invention. FIG.5B includes aplot 500B of 
drive current gain (as % Idlin gain) as a function of silicon 
channel thickness (in microns) of a semiconductor device 
having a necked semiconductor body versus a semiconductor 
device without a necked semiconductor body, in accordance 
with an embodiment of the present invention. Referring to 
plots 500A and 500B, a fin formed by up front silicon width 
(Wsi) definition is compared against a fin with thinned silicon 
width (Wsi) as defined during a replacement gate operation, 
e.g., as described in association with process flow 300. The 
plots reveal the expected drive current gain for the thinned fin 
device. 

In a second aspect, methods of forming semiconductor 
bodies of varying width are provided. Such a process may 
enable formation of different fin widths within the same die. 
Using wider fin width devices for high performance applica 
tion and lower fin width devices for low power (low standby 
leakage) applications may thus be achieved on the same die. 

In a first example, FIG. 6 illustrates a process flow 600 in a 
method of fabricating semiconductor devices having with 
semiconductor bodies of varying width, in accordance with 
an embodiment of the present invention. 

Referring to part A of process flow 600, hardmask 603A/ 
603B formation above a substrate 602, e.g., above a crystal 
line silicon substrate, for ultimate fin formation includes 
deposition and patterning of a hardmask layer. The patterned 
hardmask layer 603A/603B includes regions 604 for ultimate 
thin fin formation and region 606 for ultimate thick fin for 
mation. Referring to part B of process flow 600, the fins that 
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10 
will remain wider (e.g., in region 606) are blocked with resist 
layer 608 and the exposed hardmask 603A is etched to reduce 
the width of the lines. Referring to part C of process flow 600, 
the resist layer 608 is then removed, e.g. including an ash 
process, and the new hardmask pattern 603A/603B is trans 
ferred into the Substrate 602 to form the fins 610A and 610B. 
Alternatively, in an embodiment, the additional lithography 
fin thinning may be performed after the fins are etched into the 
Substrate and prior to patterning of a sacrificial gate. In an 
embodiment, hardmask regions 603A/603B are first formed 
by a spacer patterning flow, which may be used to effectively 
double the pitch of the lithographic process used to form the 
features. Process flow 600 preserves the pitch of the spacer 
patterning flow. 

Thus, in an embodiment, a method of fabricating a semi 
conductor device includes forming a hardmask pattern above 
a substrate. The hardmask pattern includes a first region offin 
forming features, each of a first width. The hardmask pattern 
also includes a second region offin forming features, each of 
a second width approximately equal to the first width. Sub 
sequently, a resist layer is formed and patterned to cover the 
second region and expose the first region. Subsequently, the 
fin forming features of the first region are etched to form 
thinned fin forming features, each of a third width less than 
the second width. Subsequently, the resist layer is removed. 
Subsequently, the hardmask pattern is transferred to the sub 
strate to form a first region offins, each of the third width, and 
to form a second region of fins, each of the second width. 
Subsequently, semiconductor devices are formed from the 
fins of the first and second regions. In one Such embodiment, 
the Substrate is a single-crystalline silicon Substrate, and 
transferring the hardmask pattern to the substrate includes 
forming single crystalline silicon fins. 

In a second example, FIG. 7 illustrates a process flow 700 
in a method of fabricating semiconductor devices having with 
semiconductor bodies of varying width, in accordance with 
an embodiment of the present invention. 

Referring to part A of process flow 700, hardmask 703A/ 
703B formation above a substrate 702, e.g., above a crystal 
line silicon substrate, for fin formation includes deposition 
and patterning of a hardmask layer. The patterned hardmask 
layer 703A/703B includes regions 704 for thin fin formation 
and region 706 for thick fin formation. The hardmask pattern 
703A/703B is the transferred into the Substrate 702 to form 
corresponding fins. Sacrificial gate patterning and extension 
Source and drain formation may then be performed. Also, an 
inter-layer dielectric material may be deposited and the pol 
ished to reveal the sacrificial gates. The sacrificial gates are 
then removed. Referring to part B of process flow 700, the fins 
710B that will remain wider (e.g., in region 706) are blocked 
with resist layer 708. A fin thinning etch is used to reduce the 
fin width of the fins 710A. Referring to part C of process flow 
700, the resist layer 708 is removed, e.g. including an ash 
process, and standard device fabrication techniques may be 
performed using thinner fins 710A and wider fins 710B. In an 
embodiment, hardmask regions 703A/703B are first formed 
by a spacer patterning flow, which may be used to effectively 
double the pitch of the lithographic process used to form the 
features. Process flow 700 preserves the pitch of the spacer 
patterning flow. 

Thus, in an embodiment, a method of fabricating a semi 
conductor device includes forming a hardmask pattern above 
a substrate. The hardmask pattern includes a first region offin 
forming features, each of a first width. The hardmask pattern 
also includes a second region offin forming features, each of 
a second width approximately equal to the first width. Sub 
sequently, the hardmask pattern is transferred to the Substrate 
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to form a first region of fins, each of the first width, and to 
form a second region offins, each of the second width. Sub 
sequently, a resist layer is formed and patterned to cover the 
second region of fins and to expose the first region of fins. 
Subsequently, the fins of the first region are etched to form 
thinned fins, each of a third width less than the second width. 
Subsequently, the resist layer is removed. Subsequently, 
semiconductor devices are formed from the fins of the first 
and second regions. In one Such embodiment, the Substrate is 
a single-crystalline silicon Substrate, and transferring the 
hardmask pattern to the Substrate includes forming single 
crystalline silicon fins. 
The processes described herein may be used to fabricate 

one or a plurality of semiconductor devices. The semiconduc 
tor devices may be transistors or like devices. For example, in 
an embodiment, the semiconductor devices are a metal-oxide 
semiconductor (MOS) transistors for logic or memory, or are 
bipolar transistors. Also, in an embodiment, the semiconduc 
tor devices have a three-dimensional architecture, such as a 
trigate device, an independently accessed double gate device, 
or a FIN-FET. 

FIG. 8 illustrates a computing device 800 in accordance 
with one implementation of the invention. The computing 
device 800 houses a board 802. The board 802 may include a 
number of components, including but not limited to a proces 
sor 804 and at least one communication chip 806. The pro 
cessor 804 is physically and electrically coupled to the board 
802. In some implementations the at least one communication 
chip 806 is also physically and electrically coupled to the 
board 802. In further implementations, the communication 
chip 806 is part of the processor 804. 

Depending on its applications, computing device 800 may 
include other components that may or may not be physically 
and electrically coupled to the board 802. These other com 
ponents include, but are not limited to, Volatile memory (e.g., 
DRAM), non-volatile memory (e.g., ROM), flash memory, a 
graphics processor, a digital signal processor, a crypto pro 
cessor, a chipset, an antenna, a display, a touchscreen display, 
a touchscreen controller, a battery, an audio codec, a video 
codec, a power amplifier, a global positioning system (GPS) 
device, a compass, an accelerometer, a gyroscope, a speaker, 
a camera, and a mass storage device (such as hard disk drive, 
compact disk (CD), digital versatile disk (DVD), and so 
forth). 
The communication chip 806 enables wireless communi 

cations for the transfer of data to and from the computing 
device 800. The term "wireless” and its derivatives may be 
used to describe circuits, devices, systems, methods, tech 
niques, communications channels, etc., that may communi 
cate data through the use of modulated electromagnetic radia 
tion through a non-Solid medium. The term does not imply 
that the associated devices do not contain any wires, although 
in some embodiments they might not. The communication 
chip 806 may implement any of a number of wireless stan 
dards or protocols, including but not limited to Wi-Fi (IEEE 
802.11 family), WiMAX (IEEE 802.16 family), IEEE 
802.20, long term evolution (LTE), Ev-DO, HSPA+, 
HSDPA+, HSUPA+, EDGE, GSM, GPRS, CDMA, TDMA, 
DECT, Bluetooth, derivatives thereof, as well as any other 
wireless protocols that are designated as 3G, 4G, 5G, and 
beyond. The computing device 800 may include a plurality of 
communication chips 806. For instance, a first communica 
tion chip 806 may be dedicated to shorter range wireless 
communications such as Wi-Fi and Bluetooth and a second 
communication chip 806 may be dedicated to longer range 
wireless communications such as GPS, EDGE, GPRS, 
CDMA, WiMAX, LTE, EV-DO, and others. 
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The processor 804 of the computing device 800 includes an 

integrated circuit die packaged within the processor 804. In 
Some implementations of the invention, the integrated circuit 
die of the processor includes one or more devices, such as 
MOS-FET transistors built in accordance with implementa 
tions of the invention. The term “processor may refer to any 
device or portion of a device that processes electronic data 
from registers and/or memory to transform that electronic 
data into other electronic data that may be stored in registers 
and/or memory. 
The communication chip 806 also includes an integrated 

circuit die packaged within the communication chip 806. In 
accordance with another implementation of the invention, the 
integrated circuit die of the communication chip includes one 
or more devices, such as MOS-FET transistors built in accor 
dance with implementations of the invention. 

In further implementations, another component housed 
within the computing device 800 may contain an integrated 
circuit die that includes one or more devices, such as MOS 
FET transistors built in accordance with implementations of 
the invention. 

In various implementations, the computing device 800 
may be a laptop, a netbook, a notebook, an ultrabook, a 
Smartphone, a tablet, a personal digital assistant (PDA), an 
ultra mobile PC, a mobile phone, a desktop computer, a 
server, a printer, a scanner, a monitor, a set-top box, an enter 
tainment control unit, a digital camera, a portable music 
player, or a digital video recorder. In further implementations, 
the computing device 800 may be any other electronic device 
that processes data. 

Thus, semiconductor devices having necked semiconduc 
tor bodies and methods of forming semiconductor bodies of 
varying width have been disclosed. In an embodiment, a 
semiconductor device includes a semiconductor body dis 
posed above a Substrate. A gate electrode stack is disposed 
over a portion of the semiconductor body to define a channel 
region in the semiconductor body under the gate electrode 
stack. Source and drain regions are defined in the semicon 
ductor body on either side of the gate electrode stack. Side 
wall spacers are disposed adjacent to the gate electrode stack 
and over only a portion of the Source and drain regions. The 
portion of the source and drain regions under the sidewall 
spacers has a height and a width greater than a height and a 
width of the channel region of the semiconductor body. In one 
embodiment, the semiconductor device is disposed above the 
same Substrate as a second semiconductor device having a 
channel region, and the narrowest width of the channel region 
of the second semiconductor device is greater than the nar 
rowest width of the channel region of the semiconductor 
device. 

What is claimed is: 
1. A semiconductor device, comprising: 
a semiconductor body disposed above a substrate; 
a gate electrode stack disposed over a portion of the semi 

conductor body to define a channel region in the semi 
conductor body under the gate electrode stack and 
Source and drain regions in the semiconductor body on 
either side of the gate electrode stack; and 

sidewall spacers disposed adjacent to the gate electrode 
stack and over only a portion of the source and drain 
regions, wherein the portion of the source and drain 
regions under the sidewall spacers has a height and a 
width greater than a height and a width of the channel 
region of the semiconductor body. 

2. The semiconductor device of claim 1, wherein a portion 
of the source and drain regions not under the sidewall spacers 
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has a height and a width greater than the height and the width 
of the portion of the Source and drain regions under the 
sidewall spacers. 

3. The semiconductor device of claim 1, wherein a portion 
of the source and drain regions not under the sidewall spacers 
has a height and a width approximately the same as the height 
and the width of the portion of the source and drain regions 
under the sidewall spacers. 

4. The semiconductor device of claim 1, wherein at least a 
portion of the source and drain regions is an epitaxial portion 
of the Source and drain regions. 

5. The semiconductor device of claim 4, wherein the epi 
taxial portion of the Source and drain regions comprise a 
semiconductor material different than the channel region. 

6. The semiconductor device of claim 1, wherein the sub 
strate is a crystalline Substrate, and the semiconductor body is 
continuous with the crystalline substrate. 

7. The semiconductor device of claim 1, wherein a dielec 
tric layer is disposed between the semiconductor body and the 
Substrate, and the semiconductor body is discontinuous with 
the substrate. 

8. The semiconductor device of claim 1, wherein the chan 
nel region has a height approximately in the range of 30-50 
nanometers and a width approximately in the range of 10-30 
nanometers, the height of the channel region is approximately 
1-2 nanometers less than the height of the portion of the 
Source and drain regions under the sidewall spacers, and the 
width of the channel region is approximately 2-4 nanometers 

5 

10 

15 

25 

14 
less than the width of the portion of the source and drain 
regions under the sidewall spacers. 

9. The semiconductor device of claim 1, wherein the height 
of the portion of the source and drain regions under the 
sidewall spacers is approximately 1-7% greater than the 
height of the channel region, and the width of the portion of 
the Source and drain regions under the sidewall spacers is 
approximately 6-40% greater than the width of the channel 
region. 

10. The semiconductor device of claim 1, wherein the 
channel region is coupled to the portion of the source and 
drain regions under the sidewall spacers by a step feature. 

11. The semiconductor device of claim 1, wherein the 
channel region is coupled to the portion of the source and 
drain regions under the sidewall spacers by a graded feature. 

12. The semiconductor device of claim 11, wherein the 
graded feature comprises a facet. 

13. The semiconductor device of claim 11, wherein the 
graded feature comprises a rounded corner. 

14. The semiconductor device of claim 11, wherein the 
graded feature reduces overlap capacitance and spreading 
resistance during operating of the semiconductor device. 

15. The semiconductor device of claim 1, wherein the 
semiconductor device is disposed above the same Substrate as 
a second semiconductor device having a channel region, and 
wherein the narrowest width of the channel region of the 
second semiconductor device is greater than the narrowest 
width of the channel region of the semiconductor device. 

k k k k k 


